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and 
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The  difficulties  with  fueling  of  supersonic  combustion  ramjet  engines  with  hydrocarbon 
based  fuels  presents  many  challenges.  The  need  for  a  better  solution  to  supersonic  mixing 
has  led  to  the  development  of  many  different  styles  of  fuel  injection.  An  aerodynamic  ramp 
injector  has  been  shown  to  have  a  quantitative  improvement  over  a  physical  ramp  while  still 
achieving  desirable  mixing  characteristics.  Little  quantitative  combustion  data  is  available 
on  the  performance  of  aerodynamic  ramp  injectors  in  a  cavity -coupled  scramjet  flowpath, 
especially  relative  to  round  injectors.  The  objective  of  this  study  was  to  provide  a  direct 
comparison  between  the  single  angled  injector  and  the  aeroramp  injector  arrays  in  such  a 
combustion  environment.  Ignition  limits  and  pre-combustion  shock  position  were  used  to 
define  the  operability  differences  while  combustion  efficiency  and  stream  thrust  were  used 
for  performance  comparisons.  These  parameters  were  determined  by  operating  a  scramjet 
combustor  in  dual-mode  operation  over  the  range  of  Mach  numbers  expected  during 
scramjet  takeover  from  a  boost  vehicle.  Performance  and  operability  conclusions  are  based 
on  raw  data  from  static  pressures,  temperature  measurements,  and  thrust  stand  loading.  It 
was  determined  that  the  operability  reduces  significantly  for  the  aeroramp  injector  for  all 
conditions  tested,  but  the  performance  is  virtually  identical  to  that  of  the  round  injectors. 
The  aeroramp  injector  performance  indicated  improved  near-field  combustion  with  the 
potential  for  better  performance  in  higher  Mach  number  flow  to  include  full  supersonic 
combustion  mode  for  which  it  was  designed. 


Nomenclature 


I-l 

= 

Injector  1 

1-2 

= 

Injector  2 

1-5 

= 

Injector  5 

1-6 

Injector  6 

Isp 

Specific  impulse 

Pt4 

= 

Combustor  entrance  total  pressure  (kPa) 

Tt5 

= 

Combustor  entrance  total  temperature  (kPa) 

Ps 

= 

Combustor  exit  pressure  (kPa) 

Q 

= 

Dynamic  pressure  (kPa) 

Wa 

= 

Air  mass  flow  rate  (kg/s) 

Wf 

= 

Fuel  mass  flow  rate  (kg/s) 
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He  =  Combustion  efficiency 

O  =  Equivalence  ratio,  phi 

L/D  or  Lcav/E)  =  Cavity  length  to  depth  ratio 

Lisoi/H  or  L/H  =  Ratio  of  Length  of  Isolator  to  Throat  Height 

I.  Introduction 

Achieving  optimal  mixing  in  a  supersonic  combustor  ramjet  (scramjet)  is  an  extremely  challenging  task  due 
to  the  need  for  rapid  injection  and  mixing  due  to  the  one -millisecond  class  residence  times.  This  challenge  is 
exaggerated  because  the  rapid  mixing  must  be  done  while  generating  the  minimum  aerodynamic  and 
thermodynamic  losses  in  a  high  speed  environment  where  total  pressure,  static  temperature,  and  thus  efficiency  are 
very  sensitive  to  flow  disruptions  that  would  aid  mixing. 

In  small  scramjet  engines  with  about  4.5  kg/s  (10  Ibm/s)  air  mass  flow,  conventional  angled  wall  injectors  can  be 
used  to  achieve  satisfactory  mixing.  Vehicles  using  this  size  engine  are  greatly  limited  in  total  size  so  the  engine 
must  be  scaled  up  to  a  size  that  is  useful  for  missions  such  as  long  range  reconnaissance  and  space-lift  vehicles  that 
could  have  air  mass  flow  closer  to  450  kg/s(100  Ibm/s.)  Current  injection  styles  will  be  insufficient  to  achieve 
proper  mixing  in  such  large  flowpaths.  Many  different  styles  of  injectors  have  been  developed  to  address  this 
challenge  to  include  struts,  swept  physical  ramps,  aerodynamic  ramps,  slots,  and  arrays  of  injectors.  The 
aerodynamic  ramp  (aeroramp)  injector  utilizes  the  tailored  interaction  of  the  plumes  from  an  array  of  wall  fuel 
injectors  to  achieve  some  of  the  mixing  benefits  of  the  intrusive  devices,  but  at  a  much  lower  cost  in  total  pressure 
and  thermodynamic  load.  An  improved  aeroramp  design  was  developed  by  Jacobsen  et  al."^  that  greatly  simplified 
the  original  aeroramp  design  and  mitigated  some  concerns  about  fuel  trapped  on  the  wall. 

The  aerodynamic  ramp  injector  has  been  analyzed  in  Mach  2.0,  2.4,  and  4.0  cross-flows  using  both  CED  and 
experiments. Many  of  these  experiments  specifically  focused  on  the  aerodynamic  ramp  coupled  with  a  plasma 
torch  for  the  ignition  of  the  scramjet  engine.  Several  recent  tests  have  incorporated  a  cavity  flameholder,^  dual¬ 
mode  combustion  backpressure,  and  combustion,^  but  not  all  in  the  same  test. 

II.  Experimental  Method 


A.  Test  Article 

The  experiment  was  performed  on  the  thrust  stand  inside  Research  Cell  18  (RC-18)  at  Wright-Patterson  Air  Eorce 
Base.  This  facility  was  designed  for  fundamental  studies  of  supersonic  reacting  flows  using  a  continuous -run  direct- 
connect  open-loop  airflow  supported  by  the  Research  Air  Eacility.  The  test  rig  consists  of  a  natural -gas-fueled 
vitiator,  interchangeable  facility  nozzles  (Mach- 1.8  and  2.2  currently  available),  modular  isolator,  modular 


combustor,  and  exhaust,  as  illustrated  in  Eigure  1 .  The  rig  is  mounted 
to  a  thrust  stand  capable  of  measuring  thrust  up  to  9  kN  ('-2000  Ibf). 


Table  1.  Simulated  flight  conditions  and 
fueling  schemes. 


The  facility  air  supply  is  capable  of  providing  up  to  13.6  kg/s 
(30  Ib/s)  of  air,  with  total  pressures  and  temperatures  up  to  5 1  atm 
(750  psia)  and  900  K  ('-1600  R),  respectively.  An  exhaust  system 
with  a  pressure  as  low  as  0.24  atm  (3.5  psia)  lowers  and  maintains  the 
backpressure  for  smooth  starting  and  safe  operation.  Combined  with 
currently  available  Mach- 1.8  and  2.2  facility  nozzles,  the  air  vitiator 
was  fine-tuned  to  simulate  discrete  flight  conditions  from  Mach  3.5  to 
5  at  flight  dynamic  pressures  up  to  96  kPa  (2000  psf)  (Table  1).  The 
relatively  low  simulated  flight  Mach  numbers  represent  the  scramjet 
takeover  conditions,  at  which  dual-mode  combustion  takes  place. 


Case 

Elight 

M 

Flight 

Q 

O  (1-2) 

O  (1-5  or 
1-6) 

1 

5 

48 

0.6 

0 

2 

5 

48 

0.9 

0 

3 

5 

48 

0.6 

0.3 

4 

4.5 

48 

0.6 

0 

5 

5 

48 

0.6 

0.3 

6 

4.5 

48 

0.6 

0.3 

7 

4 

96 

0.3 

0.3 

8 

4 

96 

0.3 

0.3 

9 

3.5 

48 

0.3 

0.3 

10 

3.5 

48 

0.3 

0.6 

11 

3.5 

48 

0.3 

0.3 

12 

3.5 

48 

0.3 

0.6 
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Figure  1.  Schematic  of  Research  Cell  18  combustion  facility  at  WPAFB. 

The  scramjet  flow  path  of  the  present  study  shown  in  Figure  1  consists  of  a  heat-sink  rectangular  isolator  and  a 
rectangular  combustor  featuring  a  recessed  cavity  flame  holder  and  flush- wall  injectors.  The  isolator  has  a 
rectangular  cross-section  with  a  height  of  38.1  mm  (1.5  in),  a  width  of  101.6  mm(  4.0  in),  and  a  length  of  654  mm 
(25.75  in.)  The  combustor  has  a  total  length  of  914  mm  (36  in)  and  a  constant  divergence  angle  of  2.6  degrees. 
Figure  2a  illustrates  the  entire  flow  path  and  the  arrangement  of  crucial  components.  A  thermal  barrier  coating 
covers  the  interior  surface  of  the  entire  flow  path  for  additional  thermal  protection.  Two  water-cooled  combustor 
sidewall  inserts  can  be  replaced  with  quartz  windows  for  flame  visualization  and  optical  measurements. 


TkFN(  ATKI) 


NO/ZLK 


NOZZLI 

i  ISOLATOR 

(  OMBLSTOR 

LA 

1  : 

1  ^  ^  1  1 - 

I-7AT 


Tl) 


AT  Air  throttle 

IA-1  Body  side  first  row  aerorainp  gas  injectoi*s 

IA-2  Body  side  second  row  aerorainp  gas  injectors 

1-3  ( 'owl  side  first  row  low-angle  gas  injectors 

1-4  (  ow  l  side  second  row  low-angle  gas  injectors 

1-5  Body  side  first  row  secondan  noiinal  gas  injectors 

1-6  Body  side  second  i'(»w  secondan  nornial  gas  injectors 

1-7  (  ow  l  side  secondan  normal  gas  injectors 

PL  Pilot  fuel  injectors 

SP  Spark  plugs  ^4 

TI)  TDLAS  measurement  locatiiin 


1-6  90° 


The  recessed  cavity  flame  holder  is  located  at  the 
divergent  top  wall,  designated  as  the  body  side  of  the 
scramjet-powered  vehicle.  Figure  2b  shows  a  schematic  of 
the  cavity  flame  holder  and  body-side  injection  sites.  This 
flame  holder  spans  the  entire  flow  path  width  and  has  a 
forward-facing  ramp  to  effectively  interact  with  the  shear 
layer  originating  from  the  cavity  leading  edge.  The  cavity 
has  a  length-to-depth  ratio  (Lcav/D)  of  5  for  the  present 
study.  Two  conventional  spark  plugs,  located  at  the  base  of 
the  cavity,  are  used  as  the  baseline  ignition  source. 

There  are  eight  cavity  fuel  injectors  located  at  the 
cavity  ramp  to  provide  cavity  fuel  injection  parallel  to  the 
cavity  base.  The  body  side  injectors  (I-l,  1-2)  are  banks  of 
aeroramp  injectors  from  the  study  of  Jacobsen^^  and  a 
diagram  showing  the  array  angles  can  be  seen  in  Figure  3 
on  the  following  page.  Three  banks  of  injectors  (1-5  - 1-7) 
installed  downstream  of  the  cavity  flame  holder  provided 
secondary  fueling  options.  The  injection  angle  is  normal 
to  the  combustor  wall  for  the  secondary  fuel  injectors. 
Combinations  of  these  injector  banks  provide  the  potential 
to  develop  robust  fueling  schemes  to  enhance  the 
combustor  operability.  The  study  relied  on  unheated 
ethylene  as  the  fuel  for  both  main  injectors  and  cavity 
fueling  ports. 


Figure  2.  Schematic  of  the  combustor  flow  path  a.) 
and  the  aeroramp  injector  block  with  the  cavity  b). 
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Figure  3.  Aeroramp  injector  array  Angles  from  the  side  and  top 


B.  Data  Processing 

The  parameters  used  to  calculate  performance  and  operability  were:  shock  train  position,  peak  pressure 
ratio,  combustion  efficiency,  stream  thrust,  and  combustor  exit  pressure.  The  shock  train  position  was  defined  as 
where  the  first  axial  static  pressure  tap  showed  a  ratio  from  combusting  to  non-combusting  conditions  exceeding 
1.1.  Peak  pressure  ratio  is  defined  as  the  maximum  static  pressure,  occurring  at  the  back  of  the  flame  holder, 
divided  by  the  first  static  pressure  in  the  isolator.  Combustor  exit  pressure  was  the  average  of  the  last  two  centerline 
taps  in  the  combustor,  one  on  the  body  (top)  wall  and  one  on  the  cowl  (bottom)  wall. 

The  primary  performance  measurement  was  combustion  efficiency  with  stream  thrust  and  exit  pressure  as 
secondary  measures.  Combustion  efficiency  was 
calculated  using  an  equilibrium  solver  called  QPERF  that 
ran  while  the  data  was  being  taken.  Stream  thrust  is 
defined  as  the  thrust  produced  by  the  fluid  inside  the  flow 
path.^^  Stream  thrust  and  combustion  efficiency  with  their 
associated  uncertainty  were  calculated  using  the  methods 
described  by  Smith  et.  al.  in  Ref.  10.  The  resulting  error 
for  the  Case  1  baseline  configuration,  used  as  a 
representative  run,  can  be  seen  in  Table  2. 


Table  2.  Performance  parameter  uncertainty.^® 

Parameter 

Bias 

Precision 

Total 

Static  Pressure 

0.8% 

0.5% 

0.96% 

Stream  Thrust 

1.23% 

0.9% 

1.52% 

Comb.  Efficiency  I 

4.05% 

3.0% 

5.04% 

III.  Results  and  Discussion 

The  primary  objectives  were  to  determine  the  operability  and  performance  differences  between  the  aeroramp 
injector  and  the  baseline  15  degree  round  injectors.  Shock  train  position  is  the  parameter  of  primary  concern  for 
operability  between  two  runs  with  the  ignition  limits  being  the  secondary  operability  criteria.  Performance  change  is 
ultimately  determined  by  a  difference  in  the  combustion  efficiency  of  the  two  configurations.  To  support  the 
combustion  efficiency  calculation,  many  intermediate  parameters  are  used  such  as  the  stream  thrust,  the  peak 
pressure  ratio,  and  the  combustor  exit  pressure. 

The  Mach  numbers  and  dynamic  pressures  in  Table  Ishow  the  intended  test  conditions,  but  the  translation 
of  those  parameters  into  conditions  that  can  be  tested  is  done  before  the  test.  The  result  is  that  the  vitiator  controls  to 
a  specified  exit  temperature  and  pressure.  The  actual  conditions  tested  are  shown  in  Table  3  with  a  brief  summary 
of  the  critical  data.  The  case  numbers  represent  pairs  of  similar  conditions  corresponding  to  the  intended  conditions 
in  Table  1.  Run  is  the  unique  run  identifier  from  the  actual  test  where  the  three  digit  number  represents  the  Julian 
date  of  the  test  for  which  all  facility  configurations  are  constant.  The  first  one  listed  for  each  case  is  the  baseline  and 
the  second  is  with  the  aeroramp  injector  installed.  The  pressure  and  temperature  are  the  average  conditions  at  the 
exit  of  the  vitiator.  Equivalence  ratio  (O)  was  calculated  by  dividing  the  measured  combustor  fuel  flow  rate  by  the 
calculated  vitiator  exit  mass  flow,  and  normalizing  by  the  stoichiometric  fuel/air  ratio  for  ethylene  fuel. 
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Table  3.  Test  conditions  and  result  summary 


Case 

Run 

Pt4 

(kPa) 

Tt4 

(K) 

1-2 

O 

1-5/6 

O 

Total 

O 

Burned 

O 

Stream 

Thrust(N) 

He 

Shock 

Pos(Lisoi/H) 

1 

297AW 

706 

1078 

0.52 

0.00 

0.52 

0.31 

574 

0.60 

19.0 

1 

303AH 

705 

1084 

0.53 

0.00 

0.53 

0.35 

592 

0.65 

15.2 

2 

297AY 

702 

1083 

0.72 

0.00 

0.72 

0.40 

783 

0.55 

11.9 

2 

303AJ 

714 

1084 

0.70 

0.00 

0.70 

0.38 

707 

0.54 

10.8 

3 

297 AX 

705 

1083 

0.51 

0.28 

0.79 

0.38 

703 

0.48 

19.0 

3 

303AM 

705 

1083 

0.48 

0.26 

0.75 

0.34 

618 

0.46 

15.2 

4 

297 AK 

707 

994 

0.52 

0.00 

0.52 

0.32 

632 

0.62 

19.0 

4 

303AP 

710 

995 

0.60 

0.00 

0.60 

0.40 

712 

0.66 

10.8 

5 

297BA 

701 

1083 

0.50 

0.28 

0.78 

0.36 

676 

0.46 

19.0 

5 

303AU 

707 

1083 

0.52 

0.26 

0.78 

0.38 

649 

0.48 

14.1 

6 

297 AL 

713 

997 

0.51 

0.28 

0.79 

0.36 

703 

0.45 

15.2 

6 

303AV 

710 

996 

0.53 

0.27 

0.80 

0.35 

676 

0.44 

10.8 

7 

301AL 

697 

772 

0.32 

0.29 

0.60 

0.23 

810 

0.38 

9.7 

7 

308AH 

702 

772 

0.29 

0.27 

0.56 

0.21 

814 

0.38 

7.5 

8 

301AN 

698 

772 

0.30 

0.28 

0.58 

0.23 

850 

0.39 

9.7 

8 

308AK 

708 

773 

0.27 

0.27 

0.55 

0.22 

850 

0.40 

6.4 

9 

301AO 

355 

697 

0.31 

0.29 

0.60 

0.24 

476 

0.40 

9.7 

9 

308AP 

361 

697 

0.30 

0.30 

0.61 

0.26 

489 

0.42 

4.2 

10 

301AP 

358 

696 

0.30 

0.51 

0.81 

0.25 

498 

0.31 

8.6 

10 

308AS 

361 

697 

0.30 

0.50 

0.80 

0.26 

503 

0.33 

3.0 

11 

301AC 

354 

694 

0.32 

0.30 

0.62 

0.23 

445 

0.37 

10.8 

11 

308AX 

361 

697 

0.30 

0.29 

0.59 

0.22 

449 

0.37 

7.5 

12 

301AD 

361 

697 

0.29 

0.50 

0.79 

0.23 

494 

0.29 

9.7 

12 

308AY 

360 

696 

0.29 

0.57 

0.86 

0.24 

472 

0.28 

5.3 

A.  Operability 

There  were  two  main  metrics  of  operability  used  to  compare  the  aeroramp  injector  to  the  baseline  injector: 
the  conditions  where  combustion  was  sustained  and  the  location  of  the  shock  train  for  a  given  combusting 
configuration. 
i.  Combustion  Limits 

The  range  of  operable  conditions  for  the  aeroramp  injector  was  significantly  less  than  for  the  baseline  injectors. 
The  combustor  could  be  ignited  with  the  baseline  injectors  and  an  aerothrottle  for  virtually  all  conditions  tested  from 
Mach  3.5  to  5  and  free  stream  equivalent  dynamic  pressures  of  24kPa  (500  psf)  to  96kPa  (2000  psf.)  When  the 
aeroramp  was  installed,  it  was  not  possible  to  sustain  combustion  at  500  psf  dynamic  pressure  once  the  aerothrottle 
was  turned  off.  To  sustain  combustion  at  96kPa  (2000  psf)  with  the  aeroramp  it  was  required  to  light  the  cavity  pilot 
first  using  only  pilot  fuel  and  then  add  the  main  fuel  once  the  pilot  was  stabilized  while  the  pilot  was  still  being 
fueled.  Once  the  main  fuel  was  lit  and  stabilized,  the  pilot  fuel  was  removed.  The  96kPa  (2000  psf)  cases  were  the 
only  cases  analyzed  that  used  any  pilot  fueling. 

For  all  conditions  where  the  aeroramp  did  not  operate,  whether  at  24kPa  (500  psf)  or  96kPa  (2000  psf) 
equivalent  dynamic  pressure,  the  cavity  was  too  rich  to  sustain  combustion.  This  assertion  is  based  on  the  inability 
to  achieve  ignition  despite  the  direct  fueling  of  the  cavity.  Ignition  with  direct  fueling  of  the  cavity  with  no  main 
fuel  can  be  achieved  at  an  equivalence  ratio  of  about  0.01.  Figure  4  shows  in  a  Mach  2.0  flow,  the  aeroramp  plume 
with  its  higher  vorticity  has  a  stem  drawn  through  the  cavity  shear  layer  shown  at  y=0. 
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A  similar  phenomena 
would  occur  in  locally 
subsonic  flow  caused  by  the 
pre-combustion  shock 

because  there  is  still  a  fuel- 
rich  region  against  the  cavity 
shear  layer.  The  resulting 
high  concentration  of  fuel  in 
the  recirculating  cavity  could 
cause  a  rich  blowout. 

A  second  possibility  for 
the  decreased  operability 
range  is  the  jet  momentum  of 
the  aeroramp  injector  at  low 
and  high  flow  rates  does  not 
perform  as  designed.  At  low 
flow  rates  jet  interaction  may  be  less  than  desired  such  that  penetration  is  adversely  affected.  The  resulting  fuel  rich 
boundary  layer  would  be  entrained  in  the  cavity  and  cause  combustion  to  be  unsustainable.  Additionally  if  the  jet 
momentum  is  too  high,  it  could  cause  the  plumes  from  the  four  arrays  to  interact  and  create  an  aerodynamic  ramp 
the  width  of  the  combustor  rather  than  four  independent  aerodynamic  ramps.  This  large  ramp  could  force 
compression  of  the  air  above  the  cavity  preventing  any  significant  quantities  of  air  from  entering  the  cavity.  This 
would  also  create  a  perceived  fuel  lean  cavity  scenario.  The  current  data  set  that  has  been  analyzed  does  not  have 
sufficient  information  to  conclusively  determine  what  is  happening. 
a.  Isolator  Margin 

While  the  inability  to  maintain  or  initiate  combustion  over  a  broad  range  of  fueling  conditions  is  a  significant 
issue,  an  equally  important  measure  of  operability  is  the  ability  of  the  combustor  to  not  force  the  pre-combustion 
shock  train  out  of  the  isolator  and,  in  a  full  engine  with  inlet,  cause  an  inlet  unstart  and  likely  catastrophic  loss  of 
thrust.  Shock  position  is  most  commonly  expressed  in  diameters  or  duct  heights  of  isolator  (L/H)  remaining  in  front 
of  the  pre-combustion  shock.  When  the  shock  position  reaches  1.4  or  below  for  this  combustor,  it  is  considered 
unstarted.  Any  unstart  cases  are  not  included  in  further  analysis.  The  location  of  the  pre-combustion  shock  is 
primarily  driven  by  the  pressure  in  the  combustor  which  in  turn  is  driven  by  the  amount  of  heat  being  released 
through  combustion.  The  comparison  of  shock  position  relative  to  total  O  can  be  seen  in  Figure  5. 


Figure  4.  PLIF  average  images  of  aeroramp  (a.)  vs.  round  (b.)injector  plumes.^ 
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Figure  5.  Shock  position  versus  total  equivalence  ratio. 


There  is  no  clear  correlation  for  the  shock  position  versus  the  total  equivalence  ratio  in  either  the  baseline  or  the 
aeroramp.  There  does  appear  to  be  a  trend  that  the  aeroramp  has  less  isolator  margin  than  similar  baseline 
configurations  seen  as  a  shift  of  the  aeroramp  data  to  the  left  of  the  baseline  data  in  Figure  5.  One  reason  the  trend 
may  not  be  strong  is  that  some  of  the  fuel  is  being  injected  downstream  of  the  flame  holder. 
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The  purpose  of  the  downstream  injection  is  to  increase  the  thrust  at  low  Mach  numbers  while  to  prevent  inlet 
unstart.  Increasing  the  thrust  is  accomplished  by  injecting  the  fuel  downstream  of  the  flame  holder  in  a  section  of 
the  combustor  with  larger  relative  area.  The  intention  is  the  scramjet  will  take  over  from  a  booster  at  a  slower 
condition. In  order  to  explore  this  effect,  the  shock  train  position  relative  to  only  the  primary  fuel  injection 
equivalence  ratio  was  examined  in  Figure  6  . 


Shock  Position  (L/H) 

Figure  6.  Shock  train  position  versus  primary  (1-2)  equivalence  ratio. 

Of  note  in  Figure  6,  the  data  is  grouped  into  two  sets,  with  the  ones  around  a  O  of  0.3  corresponding  to  the 
Mach  1.8  facility  nozzle  and  the  higher  fueling  conditions  correlating  to  the  Mach  2.2  facility  nozzle.  For  both  sets, 
when  compared  to  only  the  primary  equivalence  ratio,  there  is  a  very  strong  relationship  between  the  baseline  and 
the  aeroramp  configurations.  The  aeroramp  has  consistently  less  isolator  margin,  even  to  the  point  where  the  best 
aeroramp  cases  are  matched  with  the  worst  baseline  cases  for  the  Mach  1.8  nozzle.  The  flat  line  of  the  cases  with  a 
O  of  about  0.3  show  that  the  changes  in  downstream  injection  certainly  are  impacting  the  shock  position.  That  is  not 
the  case  of  the  data  using  the  Mach  2.2  nozzle.  To  determine  the  cause  of  the  reduced  isolator  margin  when  using 
the  aeroramp  injectors,  a  static  pressure  trace  is  presented  in  Figure  7  for  Case  1.  From  Figure  7  the  reduced  isolator 
margin  is  likely  caused  by  the  higher  peak  pressure  rise  in  the  combustor  relative  to  the  baseline  configuration.^^ 


Figure  7.  Axial  wall  static  pressure  (Case  1-  Mach=5,  Q=1000,  ^=0.52/0.0). 

in.  Peak  Pressure  Ratio 

While  it  is  likely  that  the  reduced  isolator  margin  in  Figure  7  is  due  to  the  higher  peak  pressure,  the  difference,  while 
outside  the  error,  is  still  fairly  small.  The  peak  pressure  ratios  for  all  cases  analyzed  were  plotted  in  Figure  8  to 
determine  if  Case  1  was  aberration. 


7 

American  Institute  of  Aeronautics  and  Astronautics 


baseline  ■  aeroramp 


The  peak  pressure  is  consistently  higher 
for  the  aeroramp  injector.  The  higher 
peak  pressure  ratio  is  typically  the  result 
of  additional  combustion  such  as  the 
change  from  Case  1  to  Case  2  where  the 
primary  fuel  flow  is  50%  greater.  The 
absence  of  that  variation  in  Cases  7-12 
where  the  Mach  1.8  nozzle  is  used, 
indicates  that  the  combustion  process  is 
locally  very  fuel  rich  and  that  as 
additional  fuel  is  added,  no  additional 
enthalpy  increase,  and  corresponding 
pressure  rise,  as  result  of  combustion  is 
occurring. 

B.  Performance 

The  distribution  of  static  pressure 
seen  in  the  previous  section  is  a 
preliminary  indicator  that  while 
the  operability  is  different,  the  performance  of  the  combustor  with  the  two  different  injectors  may  not  be 
significantly  different.  This  is  because  in  the  aft  portion  of  the  combustor,  where  the  axially  oriented  area  is  the 
greatest,  the  pressures  are  very  similar. 
iv.  Combustion  Efficiency  (rjc) 

The  most  obvious  but  complicated  performance  metric  used  to  quantify  engine  performance  is  the  combustion 
efficiency.  Figure  9  shows  the  comparison  of  the  combustion  efficiency  as  a  function  of  the  total  equivalence  ratio 
for  both  injector  configurations.  Scramjet  combustion  efficiencies  are  typically  in  the  range  of  50-80%  with  at  least 
70%  desired.  The  extremely  low  efficiencies  seen  in  the  higher  equivalence  ratios  in  Figure  9  make  the  accuracy  of 
the  inputs  to  the  QPERF  combustion  efficiency  calculation  suspect.  The  online  QPERF  running  during  the  test  that 
was  used  to  calculate  the  values  seen  in  Figure  9  was  compared  against  an  offline  calculation  to  verify  the  accuracy 
of  the  efficiency  calculation.  When  the  offline  efficiency  calculation  was  performed,  estimates  that  are  more 
accurate  were  made  of  several  parameters  including  exit  pressure  and  base  pressure.  The  online  efficiency  uses  only 
one  of  the  two  static  pressure  taps  near  the 
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Figure  8.  Peak  pressure  ratio  comparison  by  case. 


exit  of  the  combust  so  for  the  offline 
comparison  an  average  of  the  last  station 
taps  was  used.  Another  area  that  the 
assumptions  were  improved  is  the  base 
force  calculation.  The  online  calculation 
uses  the  true  average  of  12  base  pressure 
taps,  but  the  actual  area  of  the  base  is  highly 
weighted  toward  six  of  those  taps.  For  the 
offline  case,  it  was  assumed  that  those  six 
taps  were  representative  of  70%  of  the  force 
on  the  base.  The  final  result  was  less  than 
2%  different  from  the  online  calculation  so 
it  was  concluded  that  the  exit  and  base 
pressures  were  not  the  primary  source  of 
error.  Another  parameter  that  may  be 
causing  the  differences  is  the  heat  flux.  The 
current  facility  does  not  have  a  heat  flux 
measurement  so  it  has  been  assumed  to  be 
zero.  The  addition  of  that  measurement  will 
likely  increase  the  accuracy  of  the  1-D 
calculations. 
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Figure  9.  Combustion  efficiency  versus  total  equivalence  ratio. 
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To  determine  any 
correlations  between  the  data 
appearing  in  the  expected  60- 
80%  range,  the  same 
information  was  plotted  by 
test  case  in  Figure  10.  The  red 
squares  are  the  aeroramp  run 
for  each  condition.  This 
shows  that  the  translation  from 
the  baseline  to  the  aeroramp 
configuration  points  is  not 
consistent  in  either  direction 
or  magnitude. 

The  three  cases  with 
combustion  efficiency  above 
50%  are  the  only  cases 
analyzed  with  no  downstream 

fueling.  The  suggestion  is  the 
downstream  fuel  was  not  Figure  10.  Combustion  efficiency  versus  total  equivalence  ratio  by  case. 

burning  well,  but  the  combustion  efficiency  is  calculated  correctly.  The  resulting  trend  (more  fuel  added,  efficiency 
gets  increasingly  lower)  also  supports  the  hypothesis  of  a  fuel  rich  downstream  combustion  area.  The  resulting  low 
efficiencies,  then,  at  higher  equivalence  ratios  are  reasonable.  The  four  cases  with  equivalence  ratios  near  0.6  and 
efficiencies  around  0.4  are  the  cases  where  the  nominal  equivalence  ratio  is  0.3/0. 3  primary/secondary  and  the  Mach 
1.8  nozzle  was  installed.  The  primary  equivalence  ratio  for  these  test  conditions  was  near  a  possible  maximum. 
Figure  1 1  shows  the  shock  location  (as  identified  by  the  rapid  pressure  rise)  to  be  near  the  inlet.  If  just  a  small 
additional  amount  of  fuel  was  introduced  upstream  of  the  flame  holder  for  the  aeroramp  configuration,  the  result 
would  have  been  an  unstart  scramjet  engine  because  the  shock  train  position  is  very  near  the  start  of  the  isolator 
(x=0). 


s 


I 

o 

U 


0. 


50  0.60  0.70  0.80 

Equivalence  Ratio 


0.90- 


Case  1 
Case  2 
Case  3 
Case  4 
Case  5 
Case  6 
Case  7 
Case  8 
Case  9 
Case  10 


0  5  10  15  20  25  30  35  40  45 

Axial  Distance  From  Isolator  Start  (L/H) 


Figure  11.  Wall  static  pressure  for  case  9  (Mach=3.5,  Q=1000,  0=0.370.3). 

The  combustion  efficiencies  from  the  aeroramp  and  baseline  configurations  do  not  show  a  clear  trend  except  for 
the  expected  decreasing  combustion  efficiency  for  increasing  equivalence  ratio.  Figure  12  shows  in  some  cases  the 
aeroramp  has  a  higher  efficiency  and  some  cases  the  baseline  has  a  higher  value,  and  all  but  Case  1  are  easily  within 
the  -5%  error  band  of  the  analysis. Therefore,  the  combustion  efficiencies  are  not  considered  statistically, 
significantly  different  between  the  aeroramp  and  the  baseline. 
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Figure  12.  Combustion  efficiency  comparison  by  case. 


One  potential  cause  for  the  similar  combustion  efficiencies  is  that  the  steady-state  combustion  condition  results 
in  a  significant  portion  of  the  flow  being  subsonic  at  the  injectors  due  to  the  pre -combustion  shock  train.  The  effect 
of  the  pre-combustion  shock  on  the  fuel  plume  structure  of  two  round  15 -degree  angled  injectors  in  a  cavity-based 
flame  holder  can  be  seen  in  Figure  13  for  a  single  hole  round  injector. 


Figure  13:  Instantaneous  no  PLIF  with  low/high  backpressure  (left/right) 


The  image  on  the  left  corresponds  to  injection  into  supersonic  flow,  the  conditions  that  would  exist  before 
combustor  ignition,  the  expected  shape  from  previous  work^  The  image  on  the  right  corresponds  to  injection  into 
the  highly  distorted  flow  downstream  of  a  precombustion  shock  train  which  are  the  conditions  that  would  exist  after 
combustor  ignition.  This  image  shows  the  plume  structure  is  significantly  larger  and  better  mixed.  The  significant 
increase  in  mixing  once  the  combustor  is  started  may  make  the  aeroramp  and  round  injectors  both  mix  similarly. 
The  primary  benefit  of  the  aeroramp  injector  is  improved  mixing  in  supersonic  flow. 

The  subsonic  flow  field  would  also  seem  to  explain  why,  at  the  end  of  the  combustor,  the  aeroramp  and 
baseline  injectors  give  almost  exactly  the  same  wall  pressures.  If  a  different  amount  of  fuel  had  been  burned,  the  aft 
combustor  pressures  would  have  shifted  as  can  be  seen  in  the  comparison  of  the  static  pressure  profiles  from  the 
baseline  injectors  of  Case  1  and  Case  2  in  Figure  14. 
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A  Case  1  ♦  Case  2  Flowpath 
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Figure  14.  Axial  static  pressure  profiles  for  the  baseline  of  cases  1  and  2  (Mach=5,  Q=1000,  0=0.52  and  0.72). 

The  difficulty  with  this  hypothesis  is  there  should  not  be  a  change  in  the  shock  position  or  the  peak  pressure 
rise.  Therefore,  the  evidence  supports  the  conclusion  the  aeroramp  does  indeed  have  a  larger,  better  mixed  plume. 
That  would  allow  for  the  high  pressure  and  temperature  combustible  fuel/air  mixture  region  of  the  aeroramp  to 
interact  with  the  combustion  radicals  from  the  cavity  earlier  in  the  chamber  than  is  the  case  for  the  round  injectors. 
This  forward  movement  of  the  flame  front  could  cause  the  primary  combustion  region  to  occur  in  the  region  of  the 
cavity  rather  than  farther  aft  in  the  combustor  where  the  area  relief  is  greater.  The  primary  combustion  in  the  cavity 
region  would  correspond  to  the  higher  peak  pressure  in  the  cavity.  Although  if  the  same  total  amount  of  fuel  was 
combusted,  once  the  area  was  relieved,  the  final  pressure  would  gradually  trend  to  be  identical.  Figure  15  exhibits 
the  pressure  trend  in  the  static  pressure  plot  of  Case  5  . 
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Figure  15.  Axial  static  pressure  profiles  for  case  5  (Mach=5,  Q=1000,  0=0.50/0.28). 

The  pressures  in  the  isolator  upstream  of  the  precombustion  shock  match  exactly  suggesting  good  run -to- 
run  repeatability.  The  pre-combustion  shock  train  from  the  aeroramp  arrives  earlier.  The  aeroramp  has  a  higher 
pressure  until  near  station  40  (downstream  of  the  cavity  flamerholder)  where  they  again  match  exactly.  The  trend 
gives  credence  to  the  theory  of  earlier  mixing  and  combustion,  but  identical  total  heat  release.  Because  most  of  the 
axial  differential  area  is  in  the  nozzle,  it  is  possible  the  thrust  component  of  the  efficiency  and  thus  the  efficiency 
itself  is  insensitive  to  when  the  combustion  occurs. 
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Because  it  is  suspected  that 
the  fuel  injected  downstream  is  not 
combusting  well,  the  efficiency  was 
plotted  against  the  equivalence  ratio 
of  only  the  primary  (1-2)  fuel  injector 
site  in  Figure  16. 

The  expected  trend  is  that  a  higher 
efficiency  will  result  when  more  of 
the  fuel  is  injected  upstream  of  the 
cavity.  The  data  indicates  this  trend 
from  the  slight  positive  slope 
between  the  two  sets  of  data  in 
Figure  16.  The  lower  equivalence 
ratio  cases  are  for  the  Mach  1.8 
nozzle.  The  steep  but  short  trend 
within  the  Mach  1.8  nozzle  grouping 
shows  there  is  some  effect  of 
downstream  injection.  At  lower 
Mach  numbers,  the  low  maximum 
equivalence  ratio  upstream  of  the 
flame  holder,  in  this  case  about  0.30, 
leaves  more  oxygen  in  the  flow  for 
the  downstream  fuel  to  mix  with  and 
burn  than  does  the  higher  Mach 
cases  with  twice  the  O  from  the 
primary  injectors. 

V.  Stream  Thrust 

As  a  result  of  the  low  sensitivity  to  fuel  injectors  indicated  by  combustion  efficiency,  other  parameters  were 
used  to  determine  where  differences  between  the  aeroramp  and  baseline  might  occur.  Many  of  the  higher  sensitivity 
inputs  to  combustion  efficiency  are  captured  in  the  stream  thrust  calculation.^^  Additionally,  an  improvement  in 
stream  thrust  alone  could  justify  tolerating  a  lower  efficiency.  The  stream  thrust  used  is  the  stream  thrust  from  the 
combusting  condition  less  the  stream  thrust  at  the  non-combusting  condition.  The  sensitivity  of  stream  thrust  to 
total  equivalence  ratio  can  be  seen  in  Figure  17. 


Stream  Thrust  (N) 

oooooooooo 

>0000000000 

♦  baseline  ■  aeroramp 

■  ■ 

u 

0.50  0.55  0.60  0.65  0.70  0.75  0.80  0.85  0.90 

Equivalence  Ratio 

Figure  17.  Stream  thrust  versus  total  equivalence  ratio. 


The  thrust  appears  to  be  relatively  constant  with  respect  to  both  the  type  of  injector  and  the  amount  of  fuel.  The 
indication  is  when  more  fuel  is  being  added,  it  is  not  being  burned,  directly  supporting  the  hypothesis  that  the  higher 
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Figure  16.  Combustion  efficiency  versus  primary  (1-2)  fuel 
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equivalence  ratios  are  lower  efficiency  because  the  fuel  is  not  being  burned.  A  direct  comparison  of  the  thrust  for 
each  case  can  be  seen  in  Figure  18. 
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Figure  18.  Combustion  stream  thrust  comparison  by  case. 


The  direct  comparison  also  shows  there  is  no  significant  change  in  thrust  between  the  aeroramp  and  baseline 
configurations.  Some  of  the  cases  have  a  higher  thrust  with  the  aeroramp.  Only  some  of  those  have  a  higher 
equivalence  ratio  while  some  actually  have  more  thrust  for  less  fuel.  This  comparison  indicates  the  thrust  is 
similarly  inconclusive  in  determining  any  performance  changes  with  the  aeroramp  injector. 

The  way  combustion  efficiency  is 
defined  in  this  study,  it  can  be  multiplied 
by  the  total  equivalence  ratio  to  give  a 
parameter  that  is  the  equivalence  ratio  of 
the  burned  fuel.  To  determine  if  there  is 
a  similar  indication  of  poor  combustion, 
a  comparison  of  the  stream  thrust  versus 
O  burned  is  shown  in  Figure  19. 

There  is  a  very  strong  trend  showing 
as  the  amount  of  fuel  that  is  being 
burned  is  increased,  the  thrust  increases 
dramatically.  This  further  shows  that  the 
combustion  is  very  rich  such  that  when 
the  non-combusting  fuel  is  removed 
from  the  analysis,  there  is  a  very  clear 
trend.  The  aeroramp  thrust  appear  to  be 
slightly  lower  in  some  cases,  but  only 
slightly  more  than  the  error  and  not 
consistently. 

vi.  Combustor  Exit  Pressure 

Another  parameter  that  is  directly 
affected  by  the  combustion  process  is  the 
combustor  exit  pressure.  Exit  pressure 
has  a  high  weight  in  thrust  because  the  1 1  -degree  divergent  truncated  nozzle  has  the  bulk  of  the  axial  area  for  the 
pressure  force.  For  this  paper,  the  combustor  exit  pressure  is  calculated  as  the  average  of  the  last  two  pressure  taps 
in  the  truncated  nozzle:  one  on  the  top  wall  and  one  on  the  bottom  wall.  To  allow  for  comparisons  for  different 
inflow  conditions,  the  exit  pressure  has  been  normalized  by  the  first  isolator  pressure  tap  on  the  sidewall.  A  direct 
comparison  by  case  is  shown  in  Figure  20. 


O Baseline  □  Aeroramp 


Burned  Equivalence  Ratio 


Figure  19.  Stream  thrust  versus  burned  equivalence  ratio. 
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Figure  20.  Combustor  exit  pressure  ratio  by  case. 

The  data  suggests  two  trends  directly  relating  to  the  two  different  facility  nozzles.  Cases  1-6  use  the  Mach  2.2 
nozzle  and  cases  7-12  use  the  Mach  1.8  nozzle.  Within  each  of  these  groups,  there  is  no  strong  sensitivity  to  injector 
type.  A  weak  correlation  to  equivalence  ratio  is  seen  in  the  change  from  Case  1  to  Case  2.  The  suggestion  is 
increased  combustion  for  these  cases,  but  nothing  significantly  biased  toward  one  injector  over  the  other. 


IV.  Conclusions 


The  primary  areas  of  interest  for  this  study  were  the  performance  and  operability  implications  of  replacing  four 
15  degree  round  injectors  with  four  arrays  of  improved  aeroramp  injectors.  The  mechanism  to  determine  this  was  an 
experimental  comparison  in  a  dual-mode  scramjet  with  the  two  different  types  of  injectors  installed  at  the  primary 
injector  site  upstream  of  the  flameholder.  Ignition  limits  and  pre-combustion  shock  position  were  used  to  define  the 
operability  differences  while  combustion  efficiency  was  the  primary  metric  used  for  performance  comparisons. 

Operability  was  divided  into  two  parts:  the  range  of  conditions  at  which  the  injectors  enabled  sustained 
combustion,  and  the  pre-combustion  shock  train  position  within  the  isolator  for  the  same  fuel  and  air  conditions. 
The  baseline  fuel  injector  achieved  sustained  combustion  readily  at  all  simulated  Mach  numbers  (3.5-5)  and 
dynamic  pressures  (500-2000  psf).  The  aeroramp  injector  could  not  sustain  combustion  at  any  Mach  number  for  a 
dynamic  pressure  of  500  psf.  Combustion  could  be  sustained  at  2000  psf  using  elaborate  lighting  techniques,  but 
only  at  a  subset  of  the  Mach  range.  At  1000  psf,  the  aeroramp  could  sustain  combustion,  but  required  more 
aerothrottle  backpressure  before  enough  combustion  pressure  was  generated  to  be  self  sustaining.  Ah  conditions 
where  combustion  could  not  be  sustained  were  due  to  an  excessively  fuel-rich  cavity,  even  to  the  point  of  causing 
soot  deposits  on  the  cavity  walls. 

Sub-optimal  operation  could  be  characterized  one  of  two  ways.  The  first  possible  cause  is  the  aeroramp  injector 
arrays  were  not  operating  properly.  The  resulting  flow  field  was  four  small  jets  per  array  unable  to  penetrate  the 
boundary  layer  and  the  fuel  was  swept  into  the  cavity.  A  second  possibility  is  the  plumes  from  the  arrays  of 
aeroramp  injectors  interacted  more  than  the  round  injectors  interact  and  prevented  the  incoming  air  from  passing 
between  the  plumes.  The  same  type  of  fuel  rich  cavity  behavior  would  result.  Finally,  it  is  also  possible  the  plumes 
left  a  fuel  rich  stem  along  the  wall  that,  despite  favorable  mixing  in  the  main  flow,  made  the  cavity  too  rich  to  ignite. 

The  ability  of  the  isolator  to  contain  the  pressure  rise  from  the  combustor  upstream  of  the  thermal  choke  is 
critical  to  achieving  lower  Mach  number  operation  of  a  dual-mode  scramjet.  For  all  fueling  conditions  where 
combustion  was  achieved,  the  aeroramp  injector  forced  the  shock  train  further  forward  than  the  baseline 
configuration  at  the  same  equivalence  ratio.  The  most  likely  cause  is  the  aeroramp  injector  did  indeed  have  superior 
mixing  causing  the  majority  of  the  combustion  to  occur  earlier  in  the  combustor.  The  resulting  enthalpy  addition 
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would  occur  in  the  forward  part  of  the  combustor  where  the  flowpath  area  is  less,  thus  causing  a  greater  pressure 
rise.  As  a  result,  the  pre-combustion  shock  train  moved  forward  reducing  the  operability  range. 

A  performance  criterion  of  scramjet  combustion  is  the  combustion  efficiency.  For  this  study,  the  combustion 
efficiency  differences  were  generally  well  within  the  measurement  uncertainty.  Other  performance  parameters, 
namely  the  stream  thrust  and  combustor  exit  pressure  ratio,  were  analyzed  more  closely  to  shed  some  light  on  the 
performance  differences. 

All  three  parameters  showed  there  was  no  appreciable  difference  in  the  performance  of  the  aeroramp  injector 
relative  to  the  baseline  injector  regardless  of  the  parameter  comparison.  The  anticipated  result  is  the  higher  pressure 
rise  causing  the  reduced  operability  range  would  also  cause  an  increase  in  thrust.  This  research  indicates  no 
additional  fuel  is  being  combusted  despite  the  consistently  higher  maximum  pressure  ratio  of  the  aeroramp  injector. 
Rather,  the  experiments  seem  to  merely  indicate  a  more  rapid  near-field  combustion  process.  Faster  combustion  is 
extremely  desirable  for  scramjet  mode  where  there  is  no  pre -combustion  shock  train,  but  it  does  seem  to  come  at  a 
relatively  steep  operability  penalty  in  dual-mode  operation.  This  result  is  not  entirely  unexpected  as  the  original 
aeroramp  designs  were  designed  and  tested  in  a  supersonic  cross  flow.  The  improved  aeroramp  was  designed  for 
coupling  with  a  plasma  torch  igniter,  which  would  only  be  used  during  startup,  before  the  pre -combustion  shock  is 
formed.  Further  testing  was  in  a  Mach  4.0  cross  flow,  more  indicative  of  the  scramjet  mode  conditions.^  Operating 
at  scramjet  conditions  can  truly  make  use  of  the  more  rapid  plume  spreading  and  mixing  of  an  aeroramp  design. 

The  operability  reduces  significantly  for  the  aeroramp  injector,  but  the  performance  is  virtually  identical  to  the 
round  injectors.  Therefore,  the  best  use  of  an  aeroramp  injector  in  a  DMSJ  configuration  would  likely  be  as  an 
ignition  aid  and  an  upstream  high  Mach  fuel  injector.  The  challenge  is  that  there  will  always  be  more  complicated 
fabrication,  and  thus  more  risk  and  cost  associated  with  an  aeroramp  injector,  relative  to  a  single,  angled  wall 
injector.  The  implication  is  the  aeroramp  should  primarily  be  considered  where  the  near  field  mixing  of  a  round 
injector  is  insufficient  to  sustain  combustion. 
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